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On the Influence of Channel Tortuosity on Electric Fields Generated
by Lightning Return Strokes at Close Distance
Carlo Petrarca*, Simone Minucci, and Amedeo Andreotti
Abstract—In this paper the results of the estimated electric ﬁeld associated with tortuous lightning
paths at close distance (50m to 500m) are shown. Such results are compared with experimental data
available in the literature and are illustrated along with a quantitative analysis of the ﬁeld waveforms and
their frequency spectra. The limits of the usual straight-vertical channel assumption and the inﬂuence
of tortuosity at diﬀerent azimuth and distances from the lightning channel base are also highlighted.
1. INTRODUCTION
A model for the estimation of electric and magnetic ﬁelds generated by lightning channels is extremely
important [1–3]. Indeed, the computed ﬁelds can be used as input to models devoted to the calculation
of induced voltages and currents, and their propagation, e.g., [4–8], can support the design of electrical
protection system or help to size outdoor electrical components [9–11] and can be used to estimate
the lightning protection level of existing structures [12]. Moreover, suitable computer models can help
researchers in understanding the physics of lightning by deriving some typical physical parameters from
measurements [13], such as the shape and rise of the return stroke current, its attenuation, distortion,
and speed, and they can also improve the identiﬁcation of the relationship of these parameters with
electric ﬁeld characteristics.
Many models have been proposed to study the cloud-to ground lightning and to calculate the ﬁelds.
In particular, lightning return stroke models have been intensely studied, since the return stroke ﬂashes
are the most powerful known lightning processes [14, 15]. A signiﬁcant limitation of most of these models
is that the lightning channel is usually assumed to be straight and vertical although, actually, the path
followed by a return stroke is tortuous [16]. Moreover, it is worth noticing that the lightning channel
usually strikes the ground with a certain inclination with respect to the vertical, and its eﬀects should
not be neglected [17], since they can signiﬁcantly aﬀect both EM ﬁelds [18–20] and induced voltages [21–
23]. Consequently, these simpliﬁed models are of great relevance but can miss some peculiar aspects,
such as the ﬁne structure and frequency content of the ﬁelds, or they can even underestimate their
amplitude, both in natural and triggered lightning. It is therefore important to study the eﬀects of
channel tortuosity on the ﬁelds, by adopting a suitable geometrical structure of the path and a proper
lightning return-stroke model.
A pioneering paper on modeling lightning electromagnetic ﬁelds produced by tortuous channels was
presented by Le Vine and Meneghini [24], who used a piecewise linear model for a channel generated by
interconnecting a series of segments automatically generated basing on assigned statistics. In order
to predict the ﬁelds, the authors employed the Fraunhofer approximation, and consequently their
results were limited to far-ﬁeld computation (i.e., 100 km from the base of the channel). A signiﬁcant
contribution to overcome such a limitation was published in [25], where a closed-form solution for the
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ﬁelds generated by a lightning channel with arbitrary location and slope was given, without introducing
any approximation in the analytical ﬁeld calculation. In [26], the results were also extended to a
computer-generated tortuous channel, made of a series of arbitrarily oriented straight segments, treated
individually.
A recent paper [27] detailed the inﬂuence of tortuous channels and, in particular, the contribution
to distant electric ﬁelds of the return-stroke current speed of the lightning channel geometry and of
its distance from the observer. Chia and Liew [28] obtained similar results on randomly generated
tortuous lightning channels even though they limited their study only to one type of channel. Song et
al. [29] also computed electromagnetic ﬁelds radiated from complex lightning channels. They showed
that the tortuosity introduces frequency contents above 100 kHz and that the ﬁeld intensity generated
by a channel with branches is greater than the one generated by a single vertical channel. Their analysis
was limited to very schematic shapes for the channel to reproduce tortuosity and also to a small number
of observation points.
More recently, Meredith et al. [30] studied the eﬀect of tortuosity by adopting an artiﬁcially
generated path. Their ﬁnding was that tortuosity is only signiﬁcant at relatively close distances and that
the electromagnetic ﬁeld produced by a tortuous channel becomes indistinguishable from that produced
by a straight and vertical channel for distances greater than 1000m. Their results were partial since
they were extremely inﬂuenced by the shape of the generated channel, having a “zig-zag” symmetrical
structure.
The eﬀects produced by a “real” lightning channel (actually, only the x-z plane of a real channel was
digitized from published photographs, while the y-z segments were artiﬁcially generated by computer)
were then studied in [31]. Conversely, it was shown that, at close distances, tilt of the lower segments
of the channel strongly aﬀects the electric ﬁeld amplitude (but not the waveshape) while only at larger
distances, tortuosity produces jagged ﬁeld waveforms.
The present paper has the aim to provide a further contribution to the understanding of the
relationship between the lightning channel shape and the generated electric ﬁelds, by extending the
analysis to close electric ﬁelds, which are ﬁelds generated at distances between 50m and 500m from
the channel base. As in [31], the lightning channels have been digitized from real pictures [2]. The ﬁeld
waveforms and their frequency spectra have been computed and analyzed, and the results have been
discussed and compared both to data obtained from numerical simulations on straight vertical lightning
paths and to experimental data available in the literature, which are indeed very few. It is worth noticing
that the model is general and able to calculate the ﬁelds at any point of the free space, but comparisons
are limited to observation points at ground level where most of the experimental data are collected.
Although the number and type of channels chosen for the simulations cannot be a representative set
for a statistical description of the electric ﬁeld waveforms, the results clearly show the contribution that
a more detailed representation of the lightning channel geometry can give the characterization of the
lightning electromagnetic environment.
In the following, Section 2 shows the lightning channels used for the simulations and provides the
analytical solution for the electric ﬁeld radiated by an arbitrarily oriented channel; Section 3 presents
numerical results and discussions, and the conclusions are drawn in Section 4.
2. ELECTRIC FIELDS PRODUCED BY LIGHTNING CHANNELS
2.1. Tortuous Lightning Channels
The channels adopted for the simulations have been obtained by digitizing channel geometries of natural
ﬂashes recorded by Idone and Orville [32]; they are reproduced in Fig. 1.
Since in [32] only a 2D representation in the xz plane is given, the yz plane projection of the path
is generated here by imposing two main constraints, on the mean absolute value [〈|ΔΩ|〉 of the deviation
angle from the average direction, and on the length Lb of each segment of the channel. In particular,
for each channel, we have assumed 〈|ΔΩ|〉 = 17◦ and 5m ≤ Lb ≤ 100m, according to data reported
in [32]. Even though the number of constraints may appear higher than the degrees of freedom of each
segment of the channel, it is worth stressing that the deviation angle is computed by using a Gaussian
distribution whose median is 〈|ΔΩ|〉. Fig. 2 shows the obtained 3D paths of all the channels shown in
Fig. 1.
Progress In Electromagnetics Research B, Vol. 74, 2017 63
Figure 1. Lightning channels used for simula-
tions (see Idone et al. [32]).
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Figure 2. 3-D view of lightning channels. P is
the observation point, φ is the azimuth angle.
2.2. Calculation of Electric Field
For EM ﬁelds calculation, the analytical approach adopted in [25] has been implemented, needing a
simple analytical representation of the single discharge current, travelling an arbitrarily oriented channel
C as a function of time and space. In particular, it is possible to calculate the step response analytically
by assuming that a unit step-function current travels along the channel:
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where v is the return stroke front speed, and u is the Heaviside step function.
The overall eﬀect of the tortuous channel can then be found by summing up the eﬀects of the
current i(z′, t) travelling through all its segments. Once the electric ﬁeld due to a unit step current has
been calculated, the ﬁeld y(t) associated with an arbitrary current waveform i(t) can be obtained by
convolution integration
y (t) =
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0
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where s(t) is the ﬁeld component generated by a unit step current u(t− z′v ) travelling along C, and y(t)
is the ﬁeld component generated at the same point by the generic current i(t).
By adopting a proper cylindrical reference system  (Fig. 3), with the z-axis coincident with the
axis of the channel segment and the origin coincident with the starting point O, the mathematical
expression of the ﬁelds can be simpliﬁed since only r and z components of the electric ﬁeld are present.
The generated electric ﬁeld in the cylindrical reference system  at the observation point P (r, φ, z)
assumes the formulation reported in Eq. (3), where c is the speed of light. The detailed calculations of
the ﬁeld can be found in [25] and [26].⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
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Figure 3. Generic discharge channel C and main geometrical parameters.
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Since the electric ﬁeld has to be calculated in the presence of a soil-air interface, the image principle
has been adopted [33], turning the analysis in two diﬀerent media into an equivalent analysis carried
out in one homogeneous medium, by properly placing a set of sources into the whole free space. Their
magnitude is calculated in such a way to keep the same interface conditions on the separation surface
between the two media. Thanks to the uniqueness of the solution of Maxwell’s equation with prescribed
boundary conditions, the superposition of the two “image solutions” gives the total electric ﬁeld as in
the real geometry, in which the soil-air interface is taken into account.
The ground is modelled as a perfectly conducting plane (i.e., its conductivity is inﬁnite) and the
contribution of the image sources has been obtained in the same way, by adopting a cylindrical coordinate
system with the z-axis coincident with the axis of the image channel.
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Figure 4. Channel base return stroke current adopted in the simulations.
Concerning the analytical expression of the channel base current, the sum of a Heidler function
[34] and a double exponential function has been used in Eq. (8) because it is well suited for successive
return strokes. Therefore, it can be used as source at the channel base for the propagation along the
photographed channels of Fig. 1.
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If the values proposed in [35] are adopted (τ1 = 0.072µs, τ2 = 5.0µs, τ3 = 100µs, τ4 = 6.0µs,
I01 = 9.9 kA, I02 = 7.5 kA, η = 0.845 and n = 2), we get the waveform shown in Fig. 4.
The current is assumed to propagate at constant speed v = 120m/µs (β = vc = 0.4) and to
decay with the height according to the Modiﬁed Transmission Line Linear (MTLL) model [36], which
is appropriate for electric ﬁeld waveforms at close distances. A linear current decay along the channel
is considered, from a maximum value at the channel base to zero at the channel top. The parameter H
is 7.5 km.
3. RESULTS AND DISCUSSION
The electric ﬁeld has been calculated at the ground surface (z = 0) at diﬀerent distances d (50m,
150m, 250m and 500m) from the channel base and at diﬀerent azimuth values φ. In particular, for
each distance d, 24 observation points P were selected, starting from φ = 0◦ up to φ = 360◦, in steps
of Δφ = 15◦ (see Fig. 2). In this way, it is possible to show the dependence of the ﬁelds on the relative
position between the channel and the observation point and to focus on the diﬀerences with the ﬁelds
calculated by adopting a simple vertical channel model, which are φ independent.
Before carrying out the analysis of the ﬁelds, it should be considered that experimental data for
electric ﬁelds generated at close distance by downward natural lightning discharges to ground are few
and limited. In fact, for evident diﬃculties, most of the measurements are taken during triggered
lightning, formed by an upward-extending leader, diﬀerent from natural lightning. For this reason,
we remark that, in what follows, experimental data should only be considered as a valuable help in
interpreting the results from simulation but cannot be used as a benchmark for testing the validity of
the model.
3.1. Electric Field E(t)
Electric ﬁeld waveshapes from return strokes measured at 1 to 200 km are presented in [37] and classiﬁed
in [38]. Electric and magnetic ﬁeld waveshapes generated by leader and return stroke, measured at close
distance, can be found in [39–41]. A typical electric ﬁeld waveform shows:
(i) an initial “slow front” lasting from ﬁve up to ten microseconds;
66 Petrarca, Minucci, and Andreotti
(ii) a successive sharp increase in few microseconds;
(iii) the presence of a “ﬁrst peak” (not always visible at very close distances);
(iv) a characteristic ﬂattening, due to the main contribution given by the electrostatic component.
Sometimes the waveforms exhibit small “humps”, whose origin is uncertain, but that can be probably
due to charge motion in channels with major bends (Fig. 5).
Figure 5. Measured E-ﬁeld waveforms. Adapted from Jerauld et al. [39].
The electric ﬁeld waveforms calculated from the simulations on tortuous channels, as shown in
Fig. 6, are able to reproduce these typical characteristics. As an example, in Fig. 6 the time evolution
of the vertical electric ﬁeld calculated at ground, at four diﬀerent distances (50m, 150m, 250m and
500m) and four diﬀerent observation points (φ = 90◦, φ = 135◦, φ = 165◦, φ = 270◦) are illustrated, in
the case of lightning channel n.1.
The ﬁeld evolution presents both the sharp increase and “humps”, but not the “slow front”
characteristic; this is probably due to the presence of an upward connecting leader [38] which, as
discussed above, is not accounted in the present model, but is typical for triggered channels.
In Fig. 6, the electric ﬁeld waveform generated by a vertical lightning path is also plotted as a
benchmark, in order to show eﬀects of the channel geometry in clear detail. At very close distances
(up to 150m), the eﬀect of channel tortuosity is negligible; indeed, the electric ﬁeld waveforms show a
regular shape, with no presence of a “ﬁrst peak” and no jaggedness. Such a behavior can be explained by
considering the contributions to the E-ﬁeld of each segment composing the channel: the lower sections
of the lightning path (i.e., those near the ground) dwarf the eﬀects of the upper sections. A slight eﬀect
of tortuosity is given by small “humps” visible in Fig. 6(b) at position φ = (135◦, 270◦).
Moreover, the eﬀect of the channel inclination (mainly of the lower segments of the channel) is
considerable, because the electric ﬁeld is now strongly dependent on the observation point and can be
signiﬁcantly diﬀerent from the ﬁeld calculated in the same point and produced by a vertical channel.
As an example, if in Fig. 6(a) we calculate the electric ﬁeld amplitude Ep at t = 2µs after the stroke
initiation and compare it to the value obtained for a vertical channel (Epv = 25.6 kVm
−1), we ﬁnd that
such a value is much higher (Ep = 60.4 kVm
−1) at φ = 90◦ and sensibly lower (Ep = 14.6 kVm
−1) at
the opposite observation point φ = 270◦. Such an aspect puts in evidence a great limitation of the
straight vertical channel model; it will be discussed in detail in subsection 3.2 of the present section.
When looking at distances higher than 250m, the ﬁne structure of the ﬁelds due to channel
tortuosity starts to appear, and the small “humps” are much more pronounced (see Figs. 6(c) and 6(d)).
In fact, the upper segments of the lightning channel are no longer “masked” by the lower sections and
give their signiﬁcant contribution to the electric ﬁeld.
At these distances, the tortuous model is also able to reproduce another interesting feature of close
electric ﬁelds, namely a very fast transition in a time interval of a few hundreds of nanoseconds towards
a “ﬁrst peak”, followed by a slower increase of the ﬁeld [38]. The ﬁrst peak is due to the ﬁeld radiation
component, it is almost independent of the observation point and can be now more easily identiﬁed, if
compared to closer waveforms. This aspect cannot be considered in the straight vertical channel model.
The calculation of the electric ﬁelds generated by all the channels represented in Fig. 1 shows that
all the corresponding waveforms exhibit similar behaviors, although the channels can be very diﬀerent
from each other. For example, it is possible to compare the ﬁelds generated by channel n.1 (shown in
Fig. 6) and those generated by channel n.2 (shown in Fig. 7).
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Figure 6. Electrical ﬁeld E(t) at (a) d = 50m, (b) d = 150m, (c) d = 250m and (d) d = 500m as a
function of the azimuth angle φ (channel n.1). The red line corresponds to E(t) generated by a vertical
channel.
Also in this case it is possible to observe that there is always an observation point PM (φ = 300◦ in
Fig. 7(a)) where the highest value of the electric ﬁeld is reached and a point Pm, on the opposite side
(φ = 120◦ in Fig. 7(a)), with the lowest value at close distances. Moreover, the eﬀects of tortuosity and
“humps” are evident at distances above 250m, where the presence of the ﬁrst peak in the electric ﬁeld
can also be noticed.
3.2. Eﬀects of Channel Inclination
The eﬀects of the inclination of the lower segments of the channel can be described by introducing
the parameter DEφ%, which describes the “distance” between the time evolution of the electric ﬁeld
Epφ(t) (produced by a tortuous lightning path and calculated at azimuth φ) and the electric ﬁeld Epv(t)
(generated by a vertical channel and calculated in the same observation point).
In order to evaluate the parameter DEφ%, we have to consider the two time-series Epφ(k) and
Epv(k), calculated in a ﬁxed time interval Ts, where k = 1, 2, . . . , Ns, Ns being the number of samples.
The parameter is deﬁned by the following Equation (9):
DEφ% =
1
Ns
Ns∑
k=1
(∣∣∣∣Epφ (k)− Epv (k)Epv (k)
∣∣∣∣
)
· 100 (9)
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Figure 7. Electrical ﬁeld E(t) at (a) d = 50m, (b) d = 150m, (c) d = 250m and (d) d = 500m as a
function of the azimuth angle φ (channel n.2). The red line corresponds to E(t) generated by a vertical
channel.
If the ﬁelds are equal, then DEφ% = 0; otherwise, DEφ% increases as the diﬀerence in the calculated
ﬁelds is greater.
Figure 8 shows DEφ% calculated in the time interval Ts = 10µs as a function of the azimuth angle
φ at various distances, for channels 1 to 5. From the ﬁgure we can infer that the electric ﬁeld can be
sensibly diﬀerent from the ﬁeld produced by a straight vertical channel, depending on the observation
point and on the shape of the lightning path. For instance, at d = 50m (Fig. 8(a)), for channel 1 we
ﬁnd a maximum (DEφmax% = 130%) at φ = 90◦ and a minimum (DEφmin% = 7%) at φ = 0◦ and
φ = 165◦; for channel 5, the maximum (DEφmax% = 116%) is calculated at φ = 75◦ while the minimum
DEφmin% = 2.7% can be found, again, at φ = 0◦ and φ = 165◦. Less pronounced are the maxima
calculated for channel 2 and channel 3 (DEφmax% = 38% and DEφmax = 41%, respectively) while only
for channel 4, DEφ% is very small and almost independent of φ. In the latter case the ﬁeld amplitude
is almost equal to that generated by a lightning current ﬂowing along a vertical path.
Such behavior can be explained by carefully observing Fig. 9. In this ﬁgure we have shown: i)
on the left side the relative position of the observer with respect to the lightning channels (channel 1,
pictured in black, and channel 4, depicted in magenta); ii) on the right side the time evolution of the
electric ﬁeld calculated in the position of the observer (50m) and produced by the same current ﬂowing
in the aforementioned channels and in the vertical one.
At viewpoint φ = 0◦ (Fig. 9(a)) both channels 1 and 4 appear nearly vertical to the observer: in
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Figure 8. Parameter DEφ% as a function of azimuth angle at various distances, (a) d = 50m, (b)
d = 150m, (c) d = 250m and (d) d = 500m.
such position DEφ% is very low, and the electrical ﬁeld amplitude is very similar to that calculated for a
vertical lightning path, as conﬁrmed by the waveforms shown in Fig. 9(e). The electric ﬁeld waveforms
show analogous behavior (Fig. 9(g)) if being calculated at viewpoint φ = 165◦ (Fig. 9(c)); in fact in
that position the shape of the channels still resembles that of a vertical path.
At position φ = 90◦ (Fig. 9(b)), channel 4 is still “seen” as vertical by the observer, while channel 1
is extremely inclined towards it. The respective electric ﬁelds, as depicted in Fig. 9(f), are signiﬁcantly
diﬀerent: i) the ﬁeld produced by channel 4 is almost equal to the ﬁeld produced by the vertical channel,
and DEφ% in that position is very low (DEφ% = 7%); ii) the ﬁeld produced by channel 1 is sensibly
higher and DEφ% ∼ 130%. In particular at time instant t = 2µs, the electric ﬁeld amplitude due to a
vertical channel is E = 25.5 kV/m, while the ﬁeld produced by channel 1 is E = 60 kV/m, i.e., 235%
higher. The limits of the vertical channel model are in this case clearly pointed out.
In Fig. 9(d), corresponding to the viewpoint φ = 270◦, the lightning channel 1 moves away from
the observer, and the resulting electric ﬁeld is again diﬀerent from the ﬁeld produced by a vertical path
(DEφ% = 40%), but in this case, its amplitude is much lower (E = 12.3 kV/m at t = 2µs) than the ﬁeld
computed with the vertical channel (E= 25.5 kV/m). Again, the proposed model shows the limitations
of using a simpliﬁed cylindrically symmetric electric ﬁeld distribution.
Another interesting feature can be obtained by analyzing the electric ﬁeld produced by channel 1
and channel 5 at a distance d = 150m and d = 500m and calculated at the viewpoint φ = 90◦. From
Figs. 8(b) and 8(d), we derive that the index DEφ% decreases with distance for channel 1 (from 145%
at d = 150m to 49% at d = 500m) while it increases for channel 5 (from 80% at d = 150m to 95%
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Figure 9. Channel 1 (blue) and channel 4 (magenta) seen from diﬀerent observation points at d = 50m.
(a) φ = 0◦, (b) φ = 90◦, (c) φ = 165◦ and (d) φ = 270◦ and (e), (f), (g), (h) corresponding time evolution
of the electric ﬁeld.
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Figure 10. Channel 1 (blue) and channel 5 (green) seen observation point φ = 90◦ at (a) d = 150m,
(b) d = 500m and (c), (d) corresponding time evolution of the electric ﬁeld.
at d = 500m). The explanation of such a behavior can be found again in the relative position of the
observer with respect to the lightning path. At close distance (d = 150m) channel 1 is more inclined
than channel 5 with respect to the observer, and the produced electric ﬁeld diﬀers from that of a vertical
one much more than the latter (Fig. 10(c)). At d = 500m, the inclination of lower channel segments
has a minor inﬂuence, and the waveform of the electric ﬁeld depends on the shape of the entire lightning
path, as conﬁrmed by Figs. 10(b) and 10(d).
3.3. Electric Field Spectra
The knowledge of the electric ﬁeld spectra can be of great importance to characterize the lightning
phenomena, since it can be a very useful tool both for scientiﬁc investigations on lightning discharge
physics and for engineering assessment threat on electronic devices.
Lightning spectra have been generally obtained by two main techniques: using narrow-band
receivers, which measure the energy radiated at the tuning frequency or recording the electric ﬁeld
waveform with wide bandwidth instruments and then applying the Fourier transformation [42, 43].
Experimental data generally refer to distant ﬁelds (up to some km) and show that return strokes
are the strongest source of radio-frequency radiation in the interval from [0.2–20]MHz. Within this
interval, the spectra are quite similar for various lightning events, and their amplitude mainly decreases
as the inverse of frequency (f−1) [1, 42–44].
Figure 11 shows the spectra obtained as the average amplitude for 15 cloud-to-ground discharges
observed in 2002 in Tibet area [42].
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The results of the simulations for channel 1 are shown in Fig. 12. The electric ﬁeld spectra at
close distance (from d = 50m to d = 250m) in the range [0.7÷ 70]MHz are similar to that of a vertical
channel; moreover, they do not depend on azimuth angles, and their amplitude tends to decrease roughly
as f−1.
Figure 11. Measured E-ﬁeld spectra at 10 km. Adapted from Chen et al. [42].
(a) (b)
(c) (d)
Figure 12. Electrical ﬁeld spectra at (a) d = 50m, (b) d = 150m, (c) d = 250m, and (d) d = 500m as
a function of azimuth angle (Channel n.1). The red line corresponds to the spectra of a vertical channel.
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Figure 13. Electrical ﬁeld spectra by channels 1 to 5 at azimuth angle ϕ = 90◦ at (a) d = 50m, (b)
d = 500m. The red line corresponds to the electrical ﬁeld spectrum of a vertical channel.
At greater distance, the eﬀect of tortuosity introduces an increase in the frequency content above
200 kHz. In fact, each kink generates a change in the direction of propagation of the current which
creates a rapid change in the electric ﬁeld. With respect to the spectra produced by a vertical channel,
the main changes in the amplitude generally occur at frequencies in the range around 300 kHz÷ 3MHz,
irrespectively of the azimuth angle.
The results are conﬁrmed by Fig. 13 where the frequency spectra for all the 5 lightning channels,
calculated at azimuth position φ = 90◦ and at distance d = 50m and d = 500m are plotted. At close
distance the spectra are similar to that of a vertical channel, although scaled, whilst farther from the
channel base changes in the frequency content are observed in the range 300 kHz–3MHz.
4. CONCLUSIONS
Channel tortuosity can signiﬁcantly aﬀect the electric ﬁeld generated by cloud-to-ground lightning. At
close distance, the ﬁeld amplitude mainly depends on the inclination of the bottom segments of the
channel and on the relative position of the observer. Fields can be even doubled if being compared to
the ﬁeld produced by a vertical channel. At longer distances the eﬀect of the overall tortuosity can be
better seen, because of the eﬀect of a longer portion of the lightning channel which is aﬀected by the
return stroke current. Frequency spectrum is dependent on tortuosity, and diﬀerences with a vertical
channel can be found in the range 300 kHz ÷ 3MHz. These considerations point out the limits of the
evaluation of electric ﬁelds based on a simpliﬁed model in which the lightning path is considered vertical.
Such aspects should be considered in computer models used for the estimation of the ﬁelds generated
by lightning.
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